Introduction
============

Diabetic nephropathy (DN) is the primary cause of end-stage renal disease (ESRD), and the leading cause of morbidity and mortality in diabetic patients ([@b1-ijmm-41-02-0908]). A number of pathways contribute to the progression of DN. Glomerular hyperfiltration, dysregulation of the renal vasculature, excessive oxidative stress, increased transforming growth factor (TGF)-β, activation of protein kinase C and the accumulation of advanced glycation end products (AGEs) may contribute to the pathogenesis of DN ([@b2-ijmm-41-02-0908]--[@b6-ijmm-41-02-0908]). Glomerular hypertrophy, mesangial cell proliferation, thickening of the glomerular basement membrane, extracellular matrix expansion and glomerular sclerosis are the pathological characteristics of DN. However, mounting evidence indicates that renal tubular cell injury also plays a key role in DN and may predict the declining renal function more efficiently compared with glomerular damage ([@b7-ijmm-41-02-0908],[@b8-ijmm-41-02-0908]). Chronic low-grade inflammation plays a key role in the progression and development of DN, and inflammation in the tubulointerstitial lesion is a crucial component of renal dysfunction ([@b9-ijmm-41-02-0908],[@b10-ijmm-41-02-0908]). Cell apoptosis is the process of normal cell death that activates cell responses to change the microenvironment, albeit immoderate apoptosis in DN may trigger pathological processes. The hyperglycemic state is an apoptosis-facilitating microenvironment. Apoptosis has been observed in human diabetic kidney biopsies, particularly in tubular cells ([@b11-ijmm-41-02-0908]), as well as HK-2 cells exposed to high glucose (HG) conditions ([@b12-ijmm-41-02-0908],[@b13-ijmm-41-02-0908]).

p38 mitogen-activated protein kinase (p38 MAPK) is a member of the MAPK family and is known to play a key role in inflammation and apoptosis. Activation of p38 MAPK has been demonstrated in renal biopsy specimens in a wide spectrum of human glomerulonephritis, and has been correlated with renal dysfunction and histopathological alterations ([@b14-ijmm-41-02-0908]). Previous findings demonstrated the key role of p38 MAPK in the progression and development of DN, and its suppression has been found to be a beneficial treatment strategy for DN ([@b15-ijmm-41-02-0908]--[@b17-ijmm-41-02-0908]). Pentosan polysulfate (PPS) is a semisynthetic sulfated poly-saccharide that has been used for the treatment of interstitial cystitis ([@b18-ijmm-41-02-0908]). PPS treatment prevents the progression of DN in mice, and the underlying mechanism may be that PPS inhibits nuclear factor (NF)-κB activation and inflammation stimulated by tumor necrosis factor (TNF)-α, HG and AGEs ([@b19-ijmm-41-02-0908]).

However, the protective effects of PPS against HG-induced cell apoptosis and inflammation have not been fully elucidated. In the present study, the anti-apoptotic and anti-inflammatory effects of PPS on HK-2 cells were investigated, aiming to identify its protective mechanism and assess its clinical potential.

Materials and methods
=====================

Cell culture
------------

HK-2 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS), epidermal growth factor, and 1% streptomycin-penicillin mixture in a 5% CO~2~ incubator at 37°C. After achieving 70--85% confluence, the cells were growth-arrested to synchronize the cell growth for 24 h in FBS-free DMEM. The media were then changed to serum-free media with normal glucose (NG) (5.5 mmol/l) or HG (30 mmol/l) at different time-points. PPS (200 *µ*g/ml) and SB203580 (10 *µ*M) were added 2 h prior to HG.

Measurement of cell viability
-----------------------------

The viability of HK-2 cells was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Cell Proliferation Assay kit (American Type Culture Collection, Manassas, VA, USA). Briefly, HK-2 cells were grown at a density of 1×10^4^ cells/ml in 96-well culture plates in culture media with 5.5, 15, 25, or 30 mmol/l glucose, and maintained for up to 48 h. PPS was administered at different concentrations (50, 100, 150 and 200 *µ*g/ml). A 10 *µ*l MTT reagent was added to each well and incubated at 37°C for 4 h. The culture media with MTT reagent were then removed. The incorporated formazan crystals in the viable cells were dissolved with 100 *µ*l detergent reagent and the absorbance of each well was determined using a microplate reader (model 3550-UV; Bio-Rad, Tokyo, Japan) at a 540 nm wavelength.

Western blot analysis
---------------------

Following treatment, the cells were lysed in RIPA buffer containing protease and phosphatase inhibitors. The cell protein was quantified with the bicinchoninic acid protein assay method with bovine serum albumin as the standard. The protein samples (40 *µ*g/lane) were subsequently separated with 10--15% SDS-PAGE and electroblotted to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA), which were blocked using 5% fat-free milk for 2 h at 37°C. Subsequently, the PVDF membranes were incubated overnight at 4°C with one of the monoclonal rabbit anti-human primary antibodies: p38 MAPK (1:1,000; cat. no. 14451), phospho-p38 MAPK (1:500; cat. no. 4092), caspase-3 (1:1,000; cat. no. 14220), cleaved caspase-3 (1:500; cat. no. 9654), Bcl-2 (1:500; cat. no. 4223), Bax (1:500; cat. no. 5023), NF-κB p65 (1:500; cat. no. 59674) and β-actin (1:2,000; cat. no. 12620) antibodies (all from Cell Signaling Technology, Inc., Danvers, MA, USA). Incubation with the secondary antibody (1:5,000) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was performed at room temperature for 1 h. The blots were then visualized using a western blot analysis detection system (ECL Plus; GE Healthcare, Princeton, NJ, USA).

Flow cytometric analysis of apoptosis
-------------------------------------

The apoptotic rate of HK-2 cells was determined using a commercially available kit (Apoptosis Detection kit; BD Biosciences, San Jose, CA, USA) according to the manufacturer\'s instructions. Briefly, following administration of the different treatments, HK-2 cells were collected and washed twice with cold PBS and then re-suspended in a volume of 200 *µ*l 1X binding buffer. Subsequently, the cells were incubated with 5 *µ*l propidium iodide (PI) and 5 *µ*l fluorescein isothiocyanate (FITC) Annexin V at room temperature for 15 min in the dark. After the incubation period, 400 *µ*l of 1X binding buffer were added and results were calculated and analyzed in a FACScan flow cytometer and Cell software (BD Biosciences).

ELISA
-----

The secreted pro-inflammatory cytokines TNF-α, interleukin (IL)-1β and IL-6 were analyzed in the supernatant using commercially available ELISA kits following the manufacturer\'s instructions. The absorbance at 492 nm was measured using a microplate reader (model 3550-UV; Bio-Rad).

Statistical analysis
--------------------

Experiments were performed in triplicate and repeated three times. Values are presented as means ± standard deviation. Analysis of variance was used for multiple comparisons among groups. GraphPad InStat version 5.0 statistical software (GraphPad Software, Inc., San Diego, CA, USA) was used to perform analyses. The results were defined as statistically significant when P\<0.05.

Results
=======

PPS enhances cell viability in HG-treated cells
-----------------------------------------------

To test whether PPS treatment attenuated the HG-induced cytotoxicity, cell viability was determined at various levels of glucose (5--30 mmol/l) and PPS (50--200 *µ*g/ml). The results demonstrated that HK-2 cells incubated with 30 mmol/l glucose exhibited evidently attenuated cell viability compared with the cells exposed to 5 mmol/l glucose. Treatment with 200 *µ*g/ml PPS in the HG group markedly increased cell viability ([Fig. 1](#f1-ijmm-41-02-0908){ref-type="fig"}). Therefore, PPS exerted a protective effect on HK-2 cells.

HG increases the activity of p38 MAPK in HK-2 cells
---------------------------------------------------

The effect of HG on the activation of p38 MAPK *in vitro* was examined. HK-2 cells were incubated with HG at different time-points. The activity of phospho-p38 MAPK was analyzed using western blot analysis ([Fig. 2A](#f2-ijmm-41-02-0908){ref-type="fig"}). HK-2 cells exposed to HG exhibited an increase of phospho-p38 MAPK in a time-dependent manner. The increase occurred at 6 h and was most prominent at 48 h ([Fig. 2B](#f2-ijmm-41-02-0908){ref-type="fig"}).

PPS inhibits HG-stimulated p38 MAPK activation in HK-2 cells
------------------------------------------------------------

To examine the effects of PPS on HG-stimulated p38 MAPK activation, HK-2 cells were treated with PPS. Compared with the NG group, incubation of HK-2 cells with HG for 48 h markedly increased the activity of p38 MAPK, which was significantly blocked by PPS ([Fig. 3A and B](#f3-ijmm-41-02-0908){ref-type="fig"}). There was no evident change in p38 MAPK activation in HK-2 cells that were incubated with NG and were treated with PPS ([Fig. 3B](#f3-ijmm-41-02-0908){ref-type="fig"}).

PPS prevents HG-stimulated apoptosis in HK-2 cells by inhibiting the activation of p38 MAPK
-------------------------------------------------------------------------------------------

Previous findings have demonstrated that HG may increase apoptosis via the activation of p38 MAPK in HK-2 cells ([@b20-ijmm-41-02-0908]--[@b22-ijmm-41-02-0908]). Whether the p38 MAPK pathway is involved in the protective effects of PPS against HG-induced HK-2 cell apoptosis was also investigated. Cell apoptosis was examined after 48 h of treatment with HG. Incubation with HG caused a marked increase of the Bax/Bcl-2 ratio and the cleaved caspase-3/caspase-3 ratio in HK-2 cells, which was significantly attenuated by PPS and SB203580 ([Fig. 4A and B](#f4-ijmm-41-02-0908){ref-type="fig"}). Flow cytometry was used to analyze the apoptosis of HK-2 cells. Higher HK-2 cell apoptosis was induced by HG compared with NG, which was improved by PPS or SB203580, as verified by Annexin V-FITC and PI staining ([Fig. 4C and D](#f4-ijmm-41-02-0908){ref-type="fig"}). In addition, it was determined whether the combination of PPS and SB20358 exerted a synergistic effect on HG-stimulated apoptosis in HK-2 cells. The results demonstrated that this combination resulted in a mild increase of the Bax/Bcl-2 and cleaved caspase-3/caspase-3 ratios compared with PPS or SB203580 alone, although the difference was not statistically significant (P\<0.05; [Fig. 4E and F](#f4-ijmm-41-02-0908){ref-type="fig"}). Therefore, suppression of the p38 MAPK pathway blocked HG-stimulated apoptosis in HK-2 cells.

PPS inhibits HG-induced inflammatory response in HK-2 cells
-----------------------------------------------------------

Our previous results demonstrated that PPS directly affects the inflammatory action of TNF-α in proximal tubular cells ([@b19-ijmm-41-02-0908]). The action of PPS was also assessed. Treatment with HG stimulated a marked increase in the activation of the inflammatory response, p38 MAPK and NF-κB, as indicated by the increased levels of phospho-p38 MAPK and NF-κB p65 in the HG vs. the NG group. Compared with the HG group, PPS treatment significantly inhibited this HG-stimulated NF-κB and p38 MAPK activation in the HG + PPS group ([Fig. 5A and B](#f5-ijmm-41-02-0908){ref-type="fig"}). However, no significant change was observed in the activation of NF-κB and p38 MAPK between the NG and NG + PPS groups ([Fig 5B](#f5-ijmm-41-02-0908){ref-type="fig"}), suggesting that PPS does not exert any toxic effect on normal HK-2 cells. Compared with the NG group, the secretion of the pro-inflammatory cytokines TNF-α, IL-1β and IL-6 was evidently increased in the HG group, which was in agreement with the activation of NF-κB and p38 MAPK ([Fig. 6](#f6-ijmm-41-02-0908){ref-type="fig"}). Compared with the HG group, PPS treatment markedly reduced HG-stimulated pro-inflammatory cytokine production in the HG + PPS group ([Fig. 6](#f6-ijmm-41-02-0908){ref-type="fig"}).

Discussion
==========

In the present study, the anti-apoptotic effects and anti-inflammatory properties of PPS were evaluated using HG-treated HK-2 cells. The results revealed that PPS treatment ameliorated apoptosis and inflammation by inhibiting the activation of p38 MAPK stimulated by HG. Whether PPS treatment attenuated the HG-induced cytotoxicity was also investigated by assessing the nephroprotective effect of PPS in terms of cell viability. The results demonstrated that PPS markedly enhanced cell viability, suggesting that PPS protects against HG-induced cytotoxicity.

Accumulating evidence indicates that renal tubular injury plays a critical role in the pathogenesis of human and animal DN ([@b7-ijmm-41-02-0908],[@b23-ijmm-41-02-0908]). Apoptosis is associated with the progression of human DN ([@b11-ijmm-41-02-0908],[@b24-ijmm-41-02-0908]). The apoptosis-associated marker cleaved caspase-3/caspase-3 and Bax/Bcl-2 protein levels were investigated, and PPS was found to modulate these protein levels, indicating that PPS treatment suppressed HG-stimulated apoptosis in HK-2 cells. The present study confirmed that the anti-apoptotic properties of PPS required inhibition of the p38 MAPK pathways. Our results are consistent with those of previous studies whereby HG and hyperglycemia induced renal tubular cell apoptosis primarily through regulating the Bcl-2/caspase/poly(ADP-ribose) polymerase pathway ([@b12-ijmm-41-02-0908],[@b13-ijmm-41-02-0908],[@b20-ijmm-41-02-0908],[@b25-ijmm-41-02-0908]). p38 MAPK is a member of the MAPK superfamily, including JNK, ERK1/2 and ERK5, and it plays a key role in renal cell death and the development of DN. It has been demonstrated that phosphorylated p38 MAPK is expressed mainly in diabetic tubules, which is associated with tubular lesions ([@b26-ijmm-41-02-0908]), and coincides with the localization of TGF-β ([@b27-ijmm-41-02-0908]), indicating the role of p38 MAPK in TGF-β-mediated renal fibrosis. Similarly, previous findings demonstrated the expression of activated p38 MAPK and the production of fibrotic and inflammatory markers, such as TGF-β, collagen Ⅲ and TNF-α, in diabetic mouse kidneys ([@b21-ijmm-41-02-0908]). Accumulating evidence indicates that activation of the p38 MAPK signaling pathway induces renal tubular cell apoptosis, whereas suppressing it significantly ameliorates tubular cell apoptosis and renal dysfunction ([@b20-ijmm-41-02-0908],[@b28-ijmm-41-02-0908]). In the present study, PPS, which exerted its effects through downregulating p38 MAPK activation, may provide a therapeutic alternative to prevent p38 MAPK-mediated DN. In the present study, the p38 MAPK inhibitor SB203580 was used as the positive control to investigate the role of PPS in HG-stimulated apoptosis of HK-2 cells. The findings revealed that, while administration of PPS or SB203580 alone attenuated HG-induced HK-2 cell apoptosis, combination treatment resulted in a mild but not statistically significant increase, indicating a dose-dependent cytotoxic action of the inhibitor.

Although numerous factors contribute to the pathogenesis of DN, it is increasingly considered as an inflammatory disease ([@b9-ijmm-41-02-0908],[@b10-ijmm-41-02-0908]). Infiltration by macrophages and lymphocytes and the overproduction of pro-inflammatory chemokines and cytokines are observed in renal diabetic tissues, which promote further inflammation in the kidney ([@b29-ijmm-41-02-0908]-[@b33-ijmm-41-02-0908]). Monocyte chemoattractant protein-1 (MCP-1) promotes the recruitment of macrophages and upregulates the production of pro-inflammatory cytokines ([@b34-ijmm-41-02-0908]). Diabetic db/db mice and streptozotocin-stimulated diabetic mice, which lack the MCP-1 gene, are resistant to DN ([@b35-ijmm-41-02-0908],[@b36-ijmm-41-02-0908]). Intercellular adhesion molecule-1 (ICAM-1) facilitates the infiltration of leukocytes into diabetic kidneys ([@b37-ijmm-41-02-0908]). Diabetic ICAM-1-deficient mice exhibit amelioration of urinary albumin excretion, glomerular hypertrophy and renal fibrosis, which are correlated with a reduction in macrophage accumulation ([@b38-ijmm-41-02-0908],[@b39-ijmm-41-02-0908]). NF-κB is one of the crucial transcription factors involved in the progression of DN ([@b40-ijmm-41-02-0908]). In response to inflammatory and stressful stimuli, p38 MAPK is activated by upstream kinases and MAPK3/6, and is then trans-located to the nucleus, modulating the activation and expression of various genes, including NF-κB ([@b15-ijmm-41-02-0908],[@b17-ijmm-41-02-0908],[@b37-ijmm-41-02-0908]), pro-inflammatory cytokines (TNF-α, IL-6 and IL-1β) ([@b41-ijmm-41-02-0908]), chemokines (chemokine ligand 2), cell adhesion molecules (ICAM-1) and growth factors (vascular endothelial growth factor, TGF-β and cytoplasmic transmembrane growth factor) ([@b5-ijmm-41-02-0908],[@b42-ijmm-41-02-0908],[@b43-ijmm-41-02-0908]). Our findings confirmed that PPS treatment significantly prevented NF-κB and p38 MAPK activation in HG-treated HK-2 cells. Furthermore, the production of pro-inflammatory cytokines (TNF-α, IL-6 and IL-1β) was markedly alleviated by PPS treatment. The results are consistent with those of our previous findings, which demonstrated that PPS inhibited the inflammation mediated by TNF-α, HG and AGEs ([@b19-ijmm-41-02-0908]). It is hypothesized that PPS blocked the activation of NF-κB and reduced the expression of pro-inflammatory cytokines by suppressing the p38 MAPK pathway. It has been reported that apoptosis may be induced by HG through a mechanism associated with inflammation ([@b44-ijmm-41-02-0908]). Collectively, based on the present findings and previous results, the anti-inflammatory properties of PPS are considered to be another possible mechanism underlying its anti-apoptotic effects.

In conclusion, the present findings demonstrated that PPS treatment attenuates HG-stimulated apoptosis and inflammation in HK-2 cells through inhibition of p38 MAPK activation, thereby preventing DN. The protective effect of PPS in HK-2 cells is correlated with suppression of the p38 MAPK signaling pathway. The present study provides experimental evidence to investigate the possible use of PPS as a promising therapeutic agent against DN.
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![Cell viability. HK-2 cells were treated with 50--200 *µ*g/ml PPS and assessed using the MTT assay. Values are presented as means ± standard deviation of at least three determinations. ^\*^P\<0.05, ^\*\*^P\<0.01 compared with 5 mmol/l glucose treatment. ^\#^P\<0.05, ^\#\#^P\<0.01 compared with 30 mmol/l glucose treatment. PPS, pentosan polysulfate.](IJMM-41-02-0908-g00){#f1-ijmm-41-02-0908}

![Effect of HG treatment on the expression of phospho-p38 MAPK in HK-2 cells. (A) The expression levels of p38 MAPK and phospho-p38 MAPK in cultured HK-2 cells exposed to HG (30 mmol/l) were examined using western blot analysis. Representative western blots of phospho-p38 MAPK in experimental groups at various time-points (n=6). (B) Densitometric analysis of western blots. Data are presented as the means from triplicate determinations (means ± standard deviation) indicated by the vertical bars (^\*\*^P\<0.01 vs. control). HG, high glucose; p38 MAPK, p38 mitogen-activated protein kinase.](IJMM-41-02-0908-g01){#f2-ijmm-41-02-0908}

![Effect of PPS on the expression of HG-stimulated phospho-p38 MAPK in HK-2 cells. (A) HK-2 cells were grown in HG and NG in the absence or presence of PPS for 48 h. Phospho-p38 MAPK expression was determined by western blot analysis. (B) Densitometric scan analysis for western blotting. NG: 5.5 mmol/l D-glucose; NG + PPS: 5.5 mmol/l D-glucose plus 200 *µ*g̸ml PPS; HG: 30 mmol/l D-glucose; and HG + PPS: 30 mmol/l D-glucose plus 200 *µ*g/ml PPS. Data are presented as the means from triplicate determinations (means ± standard deviation) indicated by the vertical bars (^\*^P\<0.05, ^\*\*^P\<0.01 vs. NG and ^\#\#^P\<0.01 vs. HG). PPS, pentosan polysulfate; HG, high glucose; NG, normal glucose; p38 MAPK, p38 mitogen-activated protein kinase.](IJMM-41-02-0908-g02){#f3-ijmm-41-02-0908}

![Effect of PPS or SB2035 on HG-induced apoptosis in HK-2 cells. (A) HK-2 cells were grown in HG and NG in the absence or presence of PPS or SB203580 for 48 h. The expression levels of caspase-3, cleaved caspase-3, Bax, Bcl-2 and β-actin were determined using western blot analysis. (B) Densitometric analysis for western blot analysis. (C) Apoptosis of HK-2 cells was determined by flow cytometry. (D) Analysis of apoptotic rate using flow cytometry. (E) Effects of PPS and SB203580 on the expression of caspase-3, cleaved caspase-3, Bax, Bcl-2 and β-actin were determined using western blot analysis. (F) Densitometric analysis for western blotting. NG: 5.5 mmol/l D-glucose; NG + PPS: 5.5 mmol/l D-glucose plus 200 *µ*g/ml PPS; NG + SB203580: 5.5 mmol/l D-glucose plus 10 *µ*M SB203580; HG: 30 mmol/l D-glucose; HG + PPS: 30 mmol/l D-glucose plus 200 *µ*g/ml PPS; HG + SB203580: 30 mmol/l D-glucose plus 10 *µ*M SB203580; and HG + PPS + SB203580: 30 mmol/l M D-glucose plus 200 *µ*g/ml PPS plus 10 *µ*M SB203580. Experiments were repeated at least three times, and the results are presented as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. NG; ^\#^P\<0.01 vs. HG; ^\#\#^P\<0.01 vs. HG. PPS, pentosan polysulfate; HG, high glucose; NG, normal glucose.](IJMM-41-02-0908-g03){#f4-ijmm-41-02-0908}

![Effects of PPS on phospho-p38 MAPK and NF-κB p65 expression in cultured HK-2 cells. (A) Western blot analysis of phospho-p38 MAPK and NF-κB p65 activities in HK-2 cells. (B) Densitometric data of protein analysis. NG: 5.5 mmol/l D-glucose; HG: 30 mmol/l D-glucose; NG + PPS: 5.5 mmol/l D-glucose plus 200 *µ*g/ml PPS; and HG + PPS: 30 mmol/l D-glucose plus 200 *µ*g/ml PPS. Data are presented as the means from triplicate determinations (means ± standard deviation) indicated by the vertical bars (^\*^P\<0.05, ^\*\*^P\<0.01 vs. NG and ^\#\#^P\<0.01 vs. HG). PPS, pentosan poly-sulfate; p38 MAPK, p38 mitogen-activated protein kinase; NF-κB, nuclear factor-κB; NG, normal glucose, HG, high glucose.](IJMM-41-02-0908-g04){#f5-ijmm-41-02-0908}

![Effects of PPS on pro-inflammatory cytokine levels (TNF-α, IL-1β and IL-6) in HK-2 cells. NG: 5.5 mmol/l D-glucose; HG: 30 mmol/l D-glucose; NG + PPS: 5.5 mmol/l D-glucose plus 200 *µ*g/ml PPS; and HG + PPS: 30 mmol/l D-glucose plus 200 *µ*g/ml PPS. Each bar shows the mean ± standard deviation from three independent experiments performed in triplicate (^\*^P\<0.05, ^\*\*^P\<0.01 vs. NG and ^\#\#^P\<0.01 vs. HG). PPS, pentosan polysulfate; TNF-α, tumor necrosis factor-α; IL, interleukin; NG, normal glucose, HG, high glucose.](IJMM-41-02-0908-g05){#f6-ijmm-41-02-0908}
